Globally, breast cancer is a major reason for female mortality. Due to the limitations of current clinical imaging, the researchers are encouraged to explore alternative and complementary tools to available techniques to detect the breast tumor in an earlier stage. this article outlines a new, portable, and low-cost microwave imaging (MWi) system using an iterative enhancing technique for breast imaging. A compact side slotted tapered slot antenna is designed for microwave imaging. The radiating fins of tapered slot antenna are modified by etching nine rectangular side slots. The irregular slots on the radiating fins enhance the electrical length as well as produce strong directive radiation due to the suppression of induced surface currents that radiate vertically at the outer edges of the radiating arms with end-fire direction. It has remarkable effects on efficiency and gain. With the addition of slots, the side-lobe levels are reduced, the gain of the main-lobe is increased and corrects the squint effects simultaneously, thus improving the characteristics of the radiation. for experimental validation, a heterogeneous breast phantom was developed that contains dielectric properties identical to real breast tissues with the inclusion of tumors. An alternative pc controlled and microcontroller-based mechanical MWi system is designed and developed to collect the antenna scattering signal. the radiated backscattered signals from the targeted area of the human body are analyzed to reveal the changes in dielectric properties in tissues. the dielectric constants of tumorous cells are higher than that of normal tissues due to their higher water content. The remarkable deviation of the scattered field is processed by using newly proposed iteratively corrected Delay and Sum (ic-DAS) algorithm and the reconstruction of the image of the phantom interior is done. the developed UWB (Ultra-Wideband) antenna based MWi has been able to perform the detection of tumorous cells in breast phantom that can pave the way to saving lives.
of designing a Vivaldi antenna are to obtain the desired performance at lower frequencies as well as to maintain directive radiation pattern while retaining the compact size. Vivaldi antennas have been the subject of research in medical applications for the last few years 27 .
Academics over the globe have presented different techniques to improve Vivaldi antennas performance 28 . For improving the performance of Vivaldi antenna, Nasser et al. 29 proposed a method by adding an ellipse-shaped parasitic element on the flare. The parasitic element increases the field coupling; whereas, it does not compromise the antenna size (140 × 66 mm 2 ) and does not reach lower frequencies. A cavity-backed Vivaldi antenna (CBVA) for breast tumor detection system is proposed in 30 . The use of (CBVA) antenna size is reduced significantly but fails to reach the higher gain. In 31 a tapered slot (TSA) Vivaldi antenna with square shape (75 × 75 mm 2 ) is investigated. In this study, the antenna parameters are optimized to obtain the directive radiation patterns; however, it missed the resonance at a higher frequency. To enhance the gain and directivity, a customized Vivaldi antenna is fabricated with planner directors 32 . The antenna dimension is increased significantly (110 × 260 mm 2 ), and it maintains a noncontagious VSWR. A compact sized metallic bending feed line structure based antipodal Vivaldi antenna (AVA) with modulated Gaussian slots is also reported in literature 33 . It has a fractional bandwidth with wider working frequency; however, the reflection efficiency (70%) and gain (<5 dBi) are not adequate. For the medical imaging applications, several antennas were recommended with different shapes and sizes, gain and efficiencies, resonance, and operating frequencies [34] [35] [36] . In another study 19 , a planner antenna array of 12 corrugated TSA was developed for the use of UWB biomedical MWI with moderate gain and low profile. Though the performance is fairly good but it achieved with the expense of antenna size and higher dielectric constant. The starting operating frequency is 5 GHz wthe hich is quite high. In the works presented in literature 37, 38 , the polar Vivaldi antennas are presented by considering the bandwidth, gain and impulse response. These presentations are costly in terms of antenna size, where antenna dimension should be compact.
This work presents a complete, low cost and portable microwave imaging system (MIS) for the detection of unwanted tumor cells inside the human breast. Firstly, side slotted tapered slot UWB antennas are designed, developed, and fabricated, which satisfied all the requirements for MIS application. A novel miniaturization technique is proposed to minimize the antenna size. This approach enhances the operational frequency band and improves the efficiency and gain with miniaturizing the antenna size of about 49%. The proposed antennas are found to be efficient in terms of reflection coefficient, gain, efficiency, radiation pattern, current distribution, and both in frequency and time domain characterizations. Secondly, experimental validations of the antennas have been performed by designing and developing an MIS system to detect the tumors inside the breast phantom. Heterogeneous breast phantom with tumor inclusion has been developed. The developed phantom poses dielectric properties similar to the real breast tissue. The backscattered data are collected and processed using the newly proposed IC-DAS imaging algorithm to reconstructs the breast interior to detect the tumor using Matlab. The variation of the backscattered signal can exploit the tumor cells into the breast, which have higher dielectric values than the normal breast tissue. Finally, the developed UWB antenna based MIS has been able to perform the detection of tumorous clusters in breast phantoms, which potentially makes it viable for clinical trials.
Methodology
The microwave imaging technology is based on the different dielectric properties of the tumor and the surrounding healthy tissues. In terms of microwave frequencies, the tumor and healthy tissues reflect microwave differently, which is the principle to apply to the practical system for detecting cancerous cells. An antenna array will be used to send microwave pulses to the suspected area of human tissue. The signals are reflected through backscattering picked up by the array and then analyzed using a suitable computing system to detect if there is a tumor present 39 . In order to obtain high resolution and accurate images, the compact antennas must be able to radiate signals over a broad range of frequencies while maintaining the fidelity of the waveform over a wide angular range in such microwave imaging systems using the UWB 40 . One of the possible option to meet the requirements is the planner structure printed circuit board on which the antenna can be printed 41 .
phantom Materials and Methods of preparation
In the construction of a breast phantom, four different layers were considered, these are; skin, gland, fat, and tumor. The phantom is fabricated and measured based on the procedures depicted in literature 42 . The dielectric properties of numerous tissues are considered by permittivity, which is the mean of complex-valued dielectric,
where ε r represents dielectric constant and σ denotes the conductivity of the tissue against frequency. The dielectric permittivity of vacuum here is ε 0 , and the angular frequency is ω. The image of the fabricated heterogeneous phantom is illustrated in Fig. 1 .
Microwave imaging System
The architecture and different component of the proposed imaging system are depicted in Fig. 2 . The designed MIS consists of nine antenna array, where one antenna works as transmitter and the other eight antennas receive the scattered signals, the stepper motor based antenna mounting stand, the adjustable phantom hanging platform, a 9 port RF switching system to control the receivers and a MATLAB based laptop computer program for signal processing and image reconstruction. The antennas are set up on an adjustable transparent circular ABS material based container. The plastic container placed on an SD02B controlled Stepper Motor. The phantom is placed inside the antenna array using the hanging platform and scanned using the antenna array. The gap between the mounted antenna and the phantom is maintained at 2 cm. The mechanical rotation platform can rotate the array in polar coordinates from 0 to 2π around the breast phantom using the stepper motor. The antennas are connected to the RF switch using coaxial cables. The port 1 of VNA generates microwave signals in the frequency domain and transmits it to the phantom. The received backscattered signal from eight receivers antennas is collected by switching the receiving antennas through VNA (Agilent E8358A) and MATLAB program in PC. The backscattered data (S 21 , S 31, S 41 ,….S 81 ) are collected in each 7.2° rotation where the total 360° is covered by 50 equal points. The graphic view of the proposed portable system is presented in Fig. 3 . All these devices and electromechanical circuits related to the data acquisition process are controlled by a PC controlled Arduino Uno system which is connected to the personal computer through the USB port. The collected data are processed using an imaging algorithm which reconstructs the image of the breast interior to detect the tumor. The imaging domain of the proposed system is shown in Fig. 4 . In this research, no human body or patient due to the safety and ethical considerations. The breast phantom is placed inside the antenna array, and the attenuation and reflection of microwave signal due to the breast tissues are considered. To alleviate air-interference, the entire imaging system is calibrated across the operating frequency using the Agilent 85052D calibration kit.
SSVA Design and performance
Vivaldi is one kind of traveling wave antenna whose current is the same amplitude but different phases. Vivaldi antennas boast highly directive radiation with high gain because of its tapered slot design and the peak value of is high due to the pulse envelope. The substrate used in the antenna should be considered in terms of both the dielectric constant, which shrinks the antenna dimension and the thickness which controls the gain and main beam-width. The trade-off between dielectric constant, dimensions, and bandwidth needs careful consideration. www.nature.com/scientificreports www.nature.com/scientificreports/ To attain the required characteristics stated earlier, Vivaldi antenna had been customized to side-slotted (SSVA) 38, 43 . The fundamental geometric layout of an exponentially tapered slot Vivaldi antenna and the proposed antenna geometry is presented in Fig. 5 (a,b). Figure 5 (c,d) shows the fabricated antenna prototype. The modification of the structural design of stub angle, cavity, and radiating fins help to achieve the compactness of the electrical dimension with a higher gain. In this work, Rogers RT/duroid 5870 substrate is used. The height of the substrate is 1.57 mm having 35 μm copper on both sides. The relative permittivity and the loss tangent is 2.33 and 0.0012. The overall dimension of the antenna is 51 × 42 mm 2 . The SSVA's radiation properties are determined by several exponential curves, slot lines, cavity structure, the arrangement of the stub, back wall offset, tapered rate, position feedline, and the structures of the radiating fin. In the proposed structure, all of these parameters are adapted.
The main radiating element of the proposed antenna is determined by an exponential opening slot line known as a flare. The height of flare (H f ) is 41 mm, and the length of flare (L f ) is 38 mm with the value of tapered rate R = 0.04. The exponential tapered slot line is also known as radiation section since the wave is radiated along the slot line. The below exponential curve equation is used to design the proposed Vivaldi antenna as: The points (x 1 , z 1 ) and (x 2 , z 2 ) are the endpoints of the flare. The maximum open size of flare exponential curves slot lines is the flare opening or mouth opening. The narrowest part of the curve is exciting to point, and radiation propagates through the increasing of the curve. The flare opening should be larger than half wavelength, and with the increasing of flare opening the lowest working frequency is decreased. − .
The radiating properties of Vivaldi antennas are also dependant on the structure of the cavity, the arrangements of the stub, the slot line, the position of feedline, the tapered rate, the offset of the back wall, and the radiating fins' structure. The cut-off or resonance frequency of the Vivaldi antenna also can be manipulated using the following equation 44 :
where c is light velocity in free space, f c is the cut-off frequency, ε r is the substrate's relative permittivity and width of flare edge opening is ′. w The antenna impedance is mainly controlled by the microstrip coupling line. When the thickness of the substrate is more smaller than the wavelength (h ≪ λ), the impedance characteristics can be calculated by: Figure 6 (a) displays the effect of slots on the reflection coefficient and gain. Reflection coefficient (S 11 ) without slots is 3.40-6.08 GHz, with lower slots reflection coefficient (S 11 ), is 3.04-6.70 GHz, with upper slots, S 11 is 3.00-6.70 GHz and for all slots (proposed) S 11 is 2.80-7.00 GHz with less than −10 dB. The reason for using these irregular slots is to obtain a higher electrical length as well as to obtain the lower operating frequency. Due to the presence of slots, the current path is changed and creates the higher-order current mode, resulting in more directionality. By adding slots, simultaneously, the sidelobe levels are reduced, the gain in the main lobe is amplified and the squint effect is corrected, providing an enhancement in radiation characteristics as shown in Fig. 7 . The slots promote the optimal conditions for the main radiation lobe to contain maximum radiated energy. The slot edges control the current distribution around the lateral antenna edges which improves the antenna radiation characteristics. The side edge secondary current distribution leads to more efficient radiation in the end-fire direction across the operating band. The gain of the proposed antenna is better than the non-slotted or with upper and lower slot presented in Fig. 6(b) . The slots on the radiating fins suppressed the unwanted surface current at the outer edges which flown vertically to the end-fire direction. It produces stronger directive radiation and increases the electrical length. The ratio of the slotted and non-slotted area is 62:32, which presents better performance. At the end of microstrip coupler line, there is a radial stub which reflects the incident energy to the microstrip coupling line. The stub angle and radius www.nature.com/scientificreports www.nature.com/scientificreports/ have a significant effect on the working frequency and the variation of radius and angle tune the impedance and bandwidth. The SSVA can be feed directly and electromagnetically. In this work, microstrip feeding is chosen due to its excellent performance in terms of bandwidth and beamwidth. A 50 Ω SMA connector with 2.08 dielectric constant and 0.000462 S/m conductivity is used to feed the antenna connected to microstrip tapered line. The parameters of the proposed SSVA are summarized in Table 1 . 
image processing
The primary goal of this system is to determine the change of the backscattered signal with the presence of a tumor. The heterogeneous breast phantoms are applied with a tumor of high dielectric constant. One breast phantom is with a single target, and another one is multiple targets. An automated microwave imaging system was designed for experimental validation. The breast phantom is placed on the rotating platform within the antennas. Figure 8 presents the proposed experimental setup of MWI system. The parameters of VNA are set as the IF-bandwidth is 10 Hz, the output power is 10 dBm, and the frequency range is 3.10 to 7.60 GHz. The microwave pulse is transmitted to the phantom from the transmitting antenna, simultaneously the reflected backscattered signals are collected by the receiving antennas. The transmission parameters depend entirely on the antenna path. Most of the reflected parameters present the shallow depths under the skin layer. The signals are bounced off to the opposite side of phantom and attenuated significantly. The reflected signals can perfectly be detected by the antenna which has higher gain, directional radiation pattern, and lower reflection coefficient.
image Reconstruction Algorithm
The method of removing the internal and external reflections of the skin from the scattered signal is critical. One of the preferred methods is rotation subtraction that relies on the contrast between the original signal and at least a single illumination of rotation 45 . In such systems, the offset data is collected using an array of antenna surrounding the scanning area. This experiment divided the matrices into odd and even where ϕ being odd or even, and the complete S parameter is represented as S (f, Rx, ϕ) . The ϕ odd = 1, 3, 5, …, N ϕ − 1, and ϕ even = 2, 4, 6, …, N ϕ for the proposed setup. In this context, we consider the actual signal as S odd and offset signal as S even . Thus we simply calculate the difference between these two matrices to implement rotation subtraction.
odd o dd even skin removed o dd even Finally, the Inverse Fourier Transform is used to convert the signals to time domain Γ(t, Rx, ϕ odd ). Basically DAS based algorithms consider a single target from where the reflections may occur. It becomes unstable when it is multiple object scenario as there is an internal reflection that can misguide the system. www.nature.com/scientificreports www.nature.com/scientificreports/ Iteratively corrected coherence factor delay and sum (CF-DAS) algorithm was introduced for breast phantom imaging 46 . Thus, IC-DAS is introduced in the proposed imaging system as it compensates the maximum number of iterations until convergence. This magnitude is used for scaling the results achieved from typical DAS.
DAS.
The 3D Cartesian coordinates of the single point are represented in three matrices, C, and a total number of the point i. The i by i matrices here is P C-C and generated from C. The A Tx and A Rx matrices holds the 3D coordinates of the transmitter and receiver, individually. Total N/2 (N = 50) orientation is generated as we use 64 separate channel on each rotation, and each of them should be addressed during rotation subtraction. Being static, in the imaging system, the antennas changes their distance from the target point while rotating. In a stable situation, the A Txϕodd and A Rxϕodd are achieved. Then, from C, A Txϕodd, and A Rxϕodd the P Txϕodd-C and P C-Rxϕodd are evaluated that contains the space from the transmitter and receiver. Finally, the appropriate delay is calculated by dividing the total distance by the speed of light.
where the dielectric constant of the contextual medium is denoted by ε b . This method ignores the presence of multiple reflections or tumor responses. Here we get the scattering intensity map (ϒ DAS (i)) by analyzing the correction among the delayed signals. The correction is calculated for typical DAS as follows:
DAS rx odd odd
where Δt represents the time step. The typical DAS is affected by the artifacts most of the time as it relies on the coherent outline of delayed signals in a near field scenario. We introduce a new iterative variant of the DAS algorithm to overcome these issues. Moreover, The IC-DAS is easy to implement as it is free from, relatively more complex calculations like curve fitting used in IDAS 47 .
Delay estimation correction. The resulting time delay must be higher as the dielectric materials reduce the signal propagation speed. So, a higher value of ϒ can be referred to in a region of C, as the region contains a higher dielectric. By suitably increasing the distances in τ calculations, the additional time can be adjusted. To determine the most fitted delay and scattering intensity map valuation, an iterative method is introduced since the adjustments of τ render to an enhanced estimation of the map. However, the explicit use of ϒ can lead the process more vulnerable and sensitive to noise levels. For solution, a distance inverse weighted integral averaging is contemplated for the reconstruction of leveled map ϒ ′(i). Then, we calculate the modified delay using the below equation:
The map is reconstructed based on the new set of delays. Finally, the closure criterion checks for merging. Equations 10-12 are iteratively assessed for n = 1, 2 …. 7.
The iterative process is ended when E ϒ lessens to the desired level of accuracy as convergence has already been accomplished. In this work, E ϒ 10 −5 is considered.
The imaging performance of proposed MWI system using SSVA is shown in Fig. 9(a-d) . Tumor detection for heterogeneous breast phantom is presented for both the conventional DAS and proposed IC-DAS algorithm. It is observed that by using the modified algorithm, we get a sharper image for a single tumor illustrated in Fig. 9(a,b) . In the scenario of multiple tumors, DAS cant only detects a single tumor with ghosting around the surface in Fig. 9(c) . We get a clearer image of two tumors on the right side for the corrected algorithm. The deviations appear twice over the transmitted S-parameter with low power artifact at about −0.02 and 0.02 positions. The artifact appears after 0.55 ns. The calculated time can be translated to distance using the propagation rates of signal in different media. Then the tumor is detected at roughly the same positions and a low power artifact at about 0.44 ns. In the time-domain output, the red color area indicates a higher reflection coefficient. Reflection caused due to the tumor increases the return loss resulting in the higher reflected power from the antennas to phantom.
Several metrics such as the accuracy, the localization error, the signal-to-clutter ratio (SCR), and the signal-to-mean ratio (SMR) of the reconstructed image are considered for evaluation criteria of an imaginmg detection system. In this article, we have considered SMR for the imaging accuracy analysis. The SMR is a measure of the quality of the beamformed image that provides a measure of separation between the reason of interest (ROI) and the background clutter. It is defined as the ratio of the average intensity of the ROI to the average intensity of the overall image. The SMR for two phantoms are listed in Table 2 for typical and proposed IC-DAS algorithm. The SMR describes the ratio of maximum backscattered energy from tumor to the mean energy response at the same sample. The SMR is considerably improved in two phantoms study. The comparison of proposed MWI to the existing systems is presented in Table 3 . The proposed MWI system has some advantages over another system in terms of size, compactness, portability, cost-effectiveness. The proposed system exhibits better performance for breast phantom, which is promising for early-stage tumor detection. conclusion This work is dedicated to the design, development, and implementation of a new, complete, portable, and UWB antenna based microwave imaging system that can be applied for breast tumor detection in real-time. A Side slotted UWB directional Vivaldi antenna is proposed where the antennas fulfill the requirements of microwave imaging because of their high directive nature with a high gain due to the tapered slot design and having a high peak value for the pulse envelope. The Vivaldi antenna also offers stable group delay and allows a narrow pulse width. To achieve these desired characteristics, a conventional Vivaldi antenna has been customized with the introduction of a number of slots on the radiating fins and named SSVA. Experimental validation of the antennas has been performed by developing a breast phantom measurement system to detect the unwanted tumor cells inside the breast. Several heterogeneous breast phantoms have been developed containing dielectric properties same as real breast tissue. A computer-controlled automatic mechanical approach is designed for microwave imaging system consists of a 1 × 9 antenna array, (one for transmitter and eight for receiver), the stepper motor based antenna mounting stand, the adjustable phantom hanging platform, a RF switching system to control the receivers and the personal computer-based signal processing and image reconstruction unit. The change of backscattered signals with the change of dielectric content inside the structure of breast phantom is analyzed. The significant variation of the back-scattered signal can exploit the unwanted tumor cells inside the breast. The collected data from the Table 3 . Comparison of the different measurements system with the proposed system.
